Abstract
Introduction
Sepsis is a syndrome of physiologic, pathologic, and biochemical abnormalities that arises when the body's response to infection injures its own tissues and organs [1] . It has been identified as a life-threatening organ dysfunction, and severe sepsis significantly accelerates physical and neurocognitive decline [2] . Acute kidney injury (AKI) is one of the most common and the most serious complications of sepsis. Septic AKI accounts for 33-50% of all AKI in adults and 25-50% of those in children [3] . Patients with septic AKI have a higher burden of illness, greater abnormalities in acute physiology, and greater nonrenal organ failure when compared with nonseptic AKI [4] . Lipopolysaccharide (LPS), the outer membrane component of gram-negative bacteria, has been identified as the major factor that leads to septic AKI [5] [6] [7] . LPS injection has been used as exogenous toxin to mimic a septic AKI model [8] .
Heat shock protein 27 (Hsp27), a molecular chaperone belonging to the small shock protein group, which is ubiquitously expressed in almost all cells and across species [9] . Intracellular expression of Hsp27 modulates the ability of cells to respond to several types of injury, including heat shock, oxidative stress and chemical stress in order to offset the deleterious effects of cellular stresses [10, 11] . Hsp27 has also been identified as an antiapoptotic factor which confers a survival advantage to cells by reduction of apoptosis [12, 13] . Diagnostic test study has indicated Hsp27 is a sensitive biomarker for detection of early AKI in critically ill patients [14] . Further, p38MAPK-Hsp27 signaling pathway can be activated by AKI [15] . In mice, Hsp27 overexpression protects against AKI after hepatic ischemia and reperfusion [16] . Despite studies have reported the associations between Hsp27 and AKI, more research is still needed to elucidate detailed functions and mechanisms of Hsp27 in AKI.
In the present study, human renal tubular epithelial cell line HK-2 was used and subject to LPS to mimic a septic AKI in vitro. Hsp27 expression in cells was altered by transfection with vectors or siRNA against Hsp27, the changes in cell viability and apoptosis were then assessed. To explore the possible underling mechanisms, we further detect the relationship between Hsp27 and Bcl-2, the regulatory effects of Hsp27 on proinflammatory cytokines and chemokine as well as on NF-κB and JNK signaling pathways. This study will provide an improved understanding of Hsp27 and may facilitate the development of strategies for treating septic AKI.
Materials and methods
Cell culture HK-2 cells, possess morphologic characteristics of adult human proximal tubule epithelial cells [17] , were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). HK-2 cells were maintained in a Dulbecco's Modified Eagle's Medium (DMEM): Ham's F-12 (1:1) medium (Sigma-Aldrich, St. Louis, MO) containing 10% fetal bovine serum (FBS, Gibco, Gaithersburg, MD) [18] . Cells were maintained in humidified atmosphere at 37°C with 5% CO 2 .
Cell transfection HK-2 cells were seeded in 6-well plates at a density of 5 × 10 5 cells/well for adherence. After 24 h, cells were divided into four groups, namely pc-Hsp27, pc-NC, si-Hsp27 and si-NC. A Hsp27 expression vector (pcHsp27) was constructed by sub-cloning the full-length wild-type Hsp27 coding sequence into pcDNA3.1 (+) (Sangon Biotech, Shanghai, China), and confirmed by sequencing. The empty construct pcDNA3.1 was transfected as a control (pc-NC). siRNA sequences against Hsp27 and a scrambled control siRNA (RiboBio, Guangzhou, China) were transfected into cells as si-Hsp27 and si-NC group [19] . All transfection were performed using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA). Stable transfectants were selected using G418 (Life Technologies, Grand Island, NY).
LPS and cycloheximide (CHX) administration
HK-2 cells were treated with various concentrations of LPS (0, 0.1, 1, 2, 5, and 10 μg/mL) for 8 h or with 5 μg/mL LPS for different times (0, 2, 4, 8, 16, and 24 h).
For inhibition of Bcl-2 protein expression, 200 μg/mL of CHX (a protein synthesis inhibitor; SigmaAldrich) was used to administrate HK-2 cells for 0, 3, 6, 16 or 24 h post-transfection.
Cell viability assay
Cell viability was assessed by a Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Kumamoto, Japan). HK-2 cells or the transfected HK-2 cells were seeded in 96-well plates at a density of 5 × 10 3 cells/well. After LPS stimulation, 20 μL CCK-8 was added into each well and incubated for 4 h at 37°C. The absorbance was measured at 450 nm using a Microplate Reader (Bio-Rad, Hercules, CA) [20] .
Apoptosis assay
Quantitation of apoptotic cells were performed by using Annexin V-FITC/PI apoptosis kit (BioVision, Milpitas, CA). Briefly, the transfected cells were seeded into 6-well plates at a density of 5 × 10 5 cells/well and subjected to 5 μg/mL LPS for 8 h. After washing in ice-cold phosphate buffer saline (PBS) for twice, cells were resuspended in 500 μL Binding Buffer containing 10 μL Annexin V-FITC and 5 μL PI. The samples were then incubated in the dark at room temperature for 30 min and the apoptotic cells (Annexin V-FITC positive and PI-negative) were distinguished on a flow cytometer (BD Biosciences, San Jose, CA).
Quantitative RT-PCR (qRT-PCR)
Total cellular RNA was extracted by using Trizol reagent (Invitrogen) according to the manufacturer's instructions. Reverse transcription was performed with 2 μg of total RNA using a RevertAid First Strand cDNA Synthesis kit (Thermo Scientific, Vilnius, Lithuania). qRT-PCR was conducted in a Bio-Rad CFX96 realtime PCR System (Bio-Rad, CA) by using FastStart Universal SYBR Green Master (ROX) (Roche, USA). All primers were designed and synthetized by GeneCore (Shanghai, China): Bcl-2 (Fw 5'-CGC TGG GAG AAC AGG GTA-3' and Rv: 5'-GGG CTG GGA GGA GAA GAT-3'); IL-1β (Fw 5'-GCT GCT TCC AAA CCT TTG AC-3' and Rv: 5'-GCT TGT GCT CTG CTT GTG AG-3'); TNF-α (Fw 5′-ATA AGA GCA AGG CAG TGG AG-3' and Rv: 5'-TCC AGC AGA CTC AAT ACA CA-3′); IL-6 (Fw: 5'-CAT CTT TGG AAG GTT CAG GTT TGT-3' and Rv: 5'-AGC CCT GAG AAA GGA GAC ATG TA-3'); MCP-1 (Fw 5′-AAG ATC TCA GTG CAG AGG CTC G-3' and Rv: 5'-CCA GGG GTA GAA CTG TGG TTC AA-3'); GAPDH (Fw 5'-CGC ATT GCC AGA CAT ATC AGC-3' and Rv: 5'-AGG TGA AGC AGG CTC AAT CAA-3'). Data were calculated by the 2 -ΔΔCt method and normalized to GAPDH expression in each sample.
Western blot
Total cellular protein was extracted using RIPA lysis buffer (Beyotime, Shanghai, China) supplemented with protease inhibitors (Roche) and quantified by BCA™ Protein Assay Kit (Pierce, Appleton, WI). The protein sample were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride (PVDF, Millipore, Bedford, MA) membrane. Following 1 h of incubation in 5% skim milk at room temperature, the membranes were then incubated in the specific primary antibodies against Hsp27, Bax, Bcl-2, pro caspase-9, cleaved caspase-9, pro caspase-3, cleaved caspase-3, PARP, cleaved PARP, Cytochrome c, IL-1β, IL-6, TNF-α, MCP-1, p-IκBα, t-IκBα, p-p65, t-p65, p-JNK, t-JNK, p-c-Jun, t-c-Jun and GAPDH (all from Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C. The membranes were then incubated in the secondary antibodies (Santa Cruz Biotechnology) for 1 h at room temperature. Positive signal were developed by ECL Plus Western Blotting Substrate (Piece, Carlsbad, CA) and quantified by ImageJ 1.49 (National Institutes of Health, Bethesda, MD) [21] .
Results

LPS induces injury in HK-2 cells
HK-2 cells were subjected to different concentrations of LPS (0, 0.1, 1, 2, 5, and 10 μg/ mL) for 8 h, we found that when the LPS concentration was up to 2 μg/mL, cell viability was remarkably decreased (P < 0.01 or P < 0.001, Fig. 1A) . Meanwhile, cells were pre-treated with 5 μg/mL LPS for various times (0, 2, 4, 8, 16 , and 24 h), and remarkable decreases of cell viability were observed after 4 h of LPS stimulation (P < 0.05, P < 0.01 or P < 0.001, Fig. 1B ). These data indicated LPS damaged HK-2 cells in a dose-and time-dependent manner, and 5 μg/mL and 8 h was selected as two LPS-stimulating conditions for use in the subsequent experiments.
Hsp27 mitigates LPS-induced injury in HK-2 cells
In order to explore the role of Hsp27 in LPS-injured HK-2 cells, the protein expression of Hsp27 was detected in the LPS-stimulated cells. No remarkable change in Hsp27 level was observed between cells treated with and without LPS ( Fig. 2A) , suggesting LPS couldn't alter Hsp27 expression. Subsequently, HK-2 cells were transfected either with pc-Hsp27 or si-Hsp27 to overexpress or suppress Hsp27 expression, and transfection efficiency was verified by Western blotting (Fig. 2B) . As expected, LPS significantly inhibited cell viability and induced apoptosis (P < 0.001), Hsp27 overexpression alleviated the effects of LPS on cells viability and apoptosis (P < 0.05 or P < 0.01), while Hsp27 silencing aggravated these effects (P < 0.05 or P < 0.01, Fig. 2C and 2D) . Furthermore, apoptosis-related protein expressions in cells were detected, up-regulations of Bax, cleaved caspase-9, cleaved caspase-3, cleaved PARP and cytochrome c, as well as down-regulation of Bcl-2 were observed in the LPS-injured HK-2 cells (Fig. 2E and 2F ). Hsp27 overexpression alleviated these abnormal expressions induced by LPS stimulation (P < 0.05, P < 0.01 or P < 0.001), but Hsp27 silencing made the abnormal expressions more serious (P < 0.05, P < 0.01 or P < 0.001). These results revealed a protective role of Hsp27 in LPS-injured HK-2 cells.
Hsp27 interacts with Bcl-2 at an endogenous level
As results given in Fig. 2E and 2F, we found that Bcl-2 protein expression was positively regulated by Hsp27 after LPS stimulation. In order to further determine the relationship 2, 4, 8, 16 , and 24 h), and then cell viability were assessed by CCK-8. NS, no significance; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
Hsp27 diminishes LPS-induced overproduction of proinflammatory cytokines and chemokine
Numerous studies have shown that HK-2 cells produce IL-1β, IL-6, TNF-α and MCP-1 in response to LPS stimulation [23] [24] [25] ; this was also confirmed in our study. Both the mRNA and protein levels of these proinflammatory cytokines and chemokine produced by HK-2 cells were increased by LPS (P < 0.01 or P < 0.001, Fig. 4A-4F ). More importantly, Hsp27 overexpression diminished LPS-induced overproduction of these cytokines and chemokine (P < 0.05 or P < 0.01). Hsp27 silencing affected them, expected IL-6 and MCP-1 proteins, resulted in completely opposite impacts (P < 0.05). These data suggested Hsp27 might diminish LPS-induced overproduction of proinflammatory cytokines and chemokine.
NF-κB and JNK signaling pathways are implicated in the effects of Hsp27 on LPS-induced injury
Next, we focused on NF-κB and JNK signaling pathways since these two are thought to be the important pathways involved in the LPS-stimulated inflammation [26, 27] . As results given in Fig. 5A-5D , IκBα, p65, JNK and c-Jun were all dramatically activated by LPS (P < 0.01 or P < 0.001). Hsp27 overexpression recovered LPS-induced activation of these four factors (P < 0.01 or P < 0.001). Hsp27 silencing enhanced LPS-induced IκBα and p65 activation (P < 0.05 or P < 0.01), but has no effect on the activation of JNK and c-Jun (P > 0.05). These data suggested Hsp27 protected LPS-injured HK-2 cells via modulation of NF-κB and JNK pathways. Relative protein levels based on Western blot results. NS, no significance; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
Discussion
Having previously shown that Hsp27 might represent a predictive marker for early AKI [14] , and its overexpression protect against AKI after hepatic ischemia and reperfusion [16] . This study served to depict the detailed functions of Hsp27 on LPS-injured HK-2 cell, an in vitro septic AKI model, as well as to reveal the underlying mechanism of Hsp27-mediated protection in this model. Here, we demonstrated that LPS stimulation induced a remarkable reduce of HK-2 cells viability, an increase of apoptosis and abnormal productions of proinflammatory cytokines and chemokine. Hsp27 overexpression exhibited protective roles in HK-2 cells by impairing LPS-induced damage. In addition, Hsp27 could interact with Bcl-2 and modulate NF-κB and JNK signaling pathways.
In response to LPS, tubular epithelial apoptosis is induced and caspase-3 is cleaved [28, 29] , whereas Hsp27 exerts an anti-apoptotic role by inhibition of caspase-dependent apoptosis [10] . In accordance with previous reports, we demonstrated that LPS decreased HK-2 cells viability and induced apoptosis. Overexpression of Hsp27 alleviated the decrease of cell viability and the increase of apoptotic cells ratio to some extent, revealing a protective role of Hsp27 in LPS-induced injury in HK-2 cells. Similarly, overexpression of Hsp27 in hepatocytes could confer remarkable protection against LPS-induced acute liver damage [30] .
Several literatures have reported the mechanism of Hsp27-mediated cytoprotection [31] . After pro-apoptotic stress, Hsp27 decreases the ratio of Bax/Bcl-2 which leads to the release of cytochrome c from the mitochondria to the cytosol, finally activating caspase-3 and resultant apoptosis [31] [32] [33] ; this was also confirmed in this study. Hsp27 inhibited LPS-induced apoptosis through modulation of Bax/Bcl-2 and caspases. In addition, PAPR, an endogenous substrate for caspases were also inactivated by Hsp27, which further confirmed Hsp27 modulated apoptosis via regulating caspases. Next, we detected the relationship between Hsp27 and Bcl-2, since the balance between renal epithelial cells death and survival is determined by the expression of Bcl-2 [31] . We found Hsp27 could be co-immunoprecipitated with Bcl-2 in HK-2 cells, which for the first time indicated that the interaction of the Hsp27 and Bcl-2 proteins may be responsible for their ability to cooperate in the suppression of apoptosis. However, this hypothesis requires further verification.
It is well known that LPS administration increase the expression of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6, which eventually leading to endotoxemia and sepsis [34] . MCP-1, a chemokine, plays key roles in the recruitment of inflammatory cells into renal interstitium in septic AKI [35] . In this study, all these above mentioned cytokines and chemokine were up-regulated by LPS; more important, Hsp27 overexpression partially abolished these up-regulations induced by LPS. These results indicated an anti-inflammatory role of Hsp27 in LPS-induced AKI. Moreover, it has been reported LPS stimulates cytokines production in the host through NF-κB and JNK activation pathway [26, 27] . In response to various stimuli, Hsp27 functions in the inflammation via activation of these two pathways [36] ; this was also confirmed in this study. The activation of NF-κB and JNK pathways induced by LPS stimulation was partially recovered by Hsp27 overexpression.
To sum up, we showed that Hsp27 overexpression conferred a survival advantage to LPS-injured HK-2 cells by controlling cell viability, apoptosis and inflammation. It is likely that Hsp27 exhibited anti-apoptotic and anti-inflammatory roles respectively via interaction with Bcl-2 and modulation of NF-κB and JNK pathways. These findings will provide support for a cytoprotective role of Hsp27 in septic AKI.
